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Laboratory Astrophysics: Measurements of n=n'

to n:-2 Line Emission in Fe 16+to Fe 23.

D, W. Savin*, P. Betersdorfer', G. V. Brown:, J. _respo L6pez-
Urrtcia *, V. DecatLx t, S. M. Katm _, D. A. Liedahl*, K. J. Reed *, and K.

Widmann t

"Space Sctences Laborato_.. 366 LeConte, Umverst_." of Cahfornta, Bcrkele3; CA 94720

tDepartment of Ph_tcs and Space Technolo_., Lmrrence Livermore National lxTborato_',

UmversJ_. ' of California. 12vermore. CA 94550

tDepartment of Ph.vs_cs. Auburn Universt__ : Aubuen, AL 36849

_Dcpartment of Phy_c.r. Columbta Umverstty. Neu, York. ,VY 10027

Abstract. One of the dominant forms of ast_onormcal line emission m the 6 _l, to 18 ._

gpvctrz.l regzoa 1_ hne emassaon produced by n=n" to n=2 tran_tion_ m Fe t_° to Fe -_' (re..

Fe L-shell n-2 line emission). Usang the Lawrence Lwermore National Laboratory"

_ectroa beam ion trap (EBIT) facihty, nc have earned c4wl a ntmaber of _vements

desagned to address astrophysical _ concerning Fc L-shell lane eml_iorL Derared tons

are produced "and trapped u._ing the nea_ly, monocaergeu¢ ¢leetroa beam ef EBIT.

Trapped io_ ave ¢oUisiona/ly e.x_ted anti the resulting X-ray hae emissaoa detected using

Brag.g erys,,al .¢pectroraeters. We have recently completed a line saxxx_- of Fe L-shell 3-2

line emission. The line survey will allow a more rehable accotm_g of line blending an

astronotmeal spectra_ We have now begun a se.nes of broa_Yoand, bagta rtsoluUon hne

r'duo measuret_ms_ These measuremeats are aes_gned to bench_,'aarg atotmc ¢alculatzons

in astronomical plasma emission codes and also for comparison _ath X-ray spectral

observation._ of aslronorracal object._. Initial m_rcments ha_ bexn earned out m

t-'e_3". Prelimina_- rcsulls agree with distorted wave ¢zalollaltor'tg to wilhin 20 percent and
belter.

INTRODUCTION

In astronomical plasma._, transitions in the iron L-shell ions (Fe _6" to Fe '_') of

the type n_-n' to n-:2 (hereafter, n'-2) are one of the dominant forms of line
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emission in the 6 ,_, to 18 A spectral region Iron L-shell line emission O.e., n-2) is

seen in spectra from the sun (1,2). other stars (3,4), supernova remnants (5),
cataclysmic variables (6), X-ray binaries (7), active galactic nuclei (8}, and clusters
of gala_des (9). Astrophysical interpretation of these spectra, however, are

compromised by fitndamentai uncertainties that still remain in our understanding of
the basic atomic physics processes that generate the observed X-ray spectra. Two

examples serve to demonstrate this point.

The first example involves a long standing problem in solar observations. L-
shell lines _om neonlike Fe _* are among the most intense X-ray lines emitted from

the solar corona. These line are obse: v-'d both in the presence and in the absence
of flares (2). The observed Fe _" line ratios, however, do not agree with

theoretical predictions for inferred coronal temperatures. A number of different
solar physics and atomic physics explanations have been put fo.,_'ard in an attempt
to explain the apparent discrepancies. Possible solar physics explanations include
resonant scattering of the strongest }-e _6' lines (2) or explosive events in the corona

producing ionizing plasmas (10) Possible atomic physics explanatiot_s have been
addressed by carrying out new, more detailed atomic calculations (11-13) The

resolution of these discrepancies may have major implications for solar physics. ]If
the explanation is resonant scattering, then that may offer the possibility of a new
density diagnostic (14,15) And if explosive events are the explanation, then that
would have implications for the heathag o[" the .solar corona (lO) Laboratory
benchmark measurements can aid greatly in resolving the apparent Fe tr' line ratio

discrepancies and addressing the associated solar physics issues.
The second example involves a recent observation b) the Advanced Satellite for

Cosmolog)' and Astroph):_ics (ASCA) of cooling flows in the Centaurus cluster of

gala,des (9). The launching of ASCA in 1993 of the has opened a new era in high

energy astrophysics. The large collecting area and mode,ate spectral resolving
power of the spectrometers on ASCA are yielding high signal-lo-noise X-ray
spectra of many extrasolar astronomical objects (16). These spectra challenge the
quality of the atomic data ttsed in existing standard plasma emission codes. For
example, in the 8 A lo 18 A spectral band, significant discrepancies exist between

,4SCA observations ofcooling flows in the Cenlaurus clnsler of galaxies and model
s0eetra from plasma emission codes 1'9) These discrepancies cannot be eliminated

by invoking multi-temperature, multi-density distributions, nor by varying relative
elemental abundances Because cooling flows are believed to be optically thin,
quasi-static plasmas (17), other astrophysical effects are expected to be

insignificant Hence, the di_rcpancies indicate the existence of errors in the
atomic data used in the plasma codes, and have been attributed to errors in the
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electron impacl excitation (EIE) rate coefficients for producing n-2 line emission in
Fe _" and Fe z" (18).

The importance of accurate atomic data for n-2 transitions in iron L-shell ions is

not limited just to ASCA or solar spectra. The planned launches later this decade
of the Advanced X-Ray Astropl_tics FociO O, (AXAF, 19), the X-Ray Mullimirror

Mission (X_,t, 21) and ASTRO-E (22) will put in orbit spectrometers which will
collect extrasolar spectra in the 6 A to 18 3t spectral band with resolving powers,

2,',5,t, over an order of magnitude greater than those of ASCA spect,ometers

Interpreting AXAF, ._Ot,f, and ASTRO-E spectra will, therefore, require atomic

dala with an accuracy and completeness significantly greater than exists at the
present time.

For several years, we have been carrying out experimental measurements urn-2

fine emission from the iron L-s,hell ions in order to address these present and future
needs of high energy astrophysics. Measurements are carried out using the

Lawrence Livermore National Laboratory electron beam ion trap (EBIT) facility
(22.23). Iron ions ofintere,,t are produced, trapped, and excited by cotfisions with
the nearly monoener,getic electron be,am in Ei31T. The entitled L-shell X-ray lines

are recorded and analyzed with high resolution Brags crystal spectrometers (24).

ELECTRON BEAM ION TRAP MEASUREMENTS

Line Surveys

Iron L-shell line emission is comprised of numerous strong transitions which.
depending or, the temperature of the emitting source, result typically from

transitions in Fe _' to Fe 23" The analysis of iron /.-shell spectra thus requires

con _: teration of a large number of ionization stages and a large number of possible
transifons. ,k reliable aaalysis of astronotnical spectra must account for all lines
and needs _a employ accurate line position information to properly model line

blending To address these issues, we have made a survey of the iron L-shell 3-2
transitions in the 10 A to 17.5 A spectral range. A representative Fe _" L-shell
spectrum is shown in Fig. 1 (24) Spectra were collected from Fe t'_" thlough to

Fe z3' (25) Charge balances consisting t_rimarily of a single ionization stage of iron
were produced in EBIT by setting the electron beam energy to just below the
ionization threshold for the charge state of interest This allowed observed
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spectral lines to be unambiguously a_igned to a given ionization stage of iron.

The wavelength scale was determined by observing K-shell (i.e., n. 1) transitions in

hydrogenlike and heliumlike oxygen, fluorine, neon, and magnesium. An accuracy
of about O. 1-0.3 eV was achieved in the determination of the transition energies.

For example, the measa_r_d wavelength of 3E. the weakest Fe t6" line in Fig 1, was
15,456:_.004 A while that -'i"3C, tim strongest line, was 15.009_+O 001 A (24)

Identifications of |ines in the ifigher charge states of kon that have not been
identified in earlier measurements were made by comparing observed intensities
and measured wavelength with calculations from a collisionaLradiative model

which u_s the Hebrew University-Lawrence I,iven_ore set of atomic codes
(HULLAC, 26,27)

3C

3H3F

160

Wavelengtn (A)

Figure l. Fc l(" L-shell spectrum record_l using a thallmm hydrogen phthalam cD'slal m |u;I

ordc[. The c:l_ron _ cllu_l_' %V'_._:]300 _V. T_ $l_'-L_rtln3 lg a ('.o_)po_.llc Of (:laL.1fronl LIIz%_¢

different cLy_al sctlings, Fc )6' lines arc labeled using 11_ notation of Rcf. l

Line Ratio Measurcments

X-ray spectral observations of astronomical objects are typically broadband To
be usefi]l, laboratory meastJrement_ rufF,t, nccordingly, be broadband And for
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compari_n with atomic calculations it is neccs_ry to collect spccira at a resolving

power kigh enough that individual observed spectral lines are fully re_lved These

two requirements, broadband spectra with high resolving power, have been met by

using two crystal spectrometers to observe simultaneously line emission from

EBIT. Crystal spectrometers, however, are inherently narrowbmld fleviccs _vith X.-

ray detection cfficiencies wlfich over a broad band may change dramatically

Broadband line ratio measurements are carried out by using tim two spectrometers

to observe simultmmously difTerent narrowband regions (each containing lines of

imcrest).
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Figure 2. Iron L-sI_:I! 3-2 sixx.lrum recorded using a ihMlium h_,drogcn phthalnie crystal in

first ort]er The electron beam energy was 4.';(WI eV

The ion selected for our initial broadband line ratio measurements was l-e z_"

This ion was chosen for a number of reasons. Fe _" is lithiumlike which makes it a

relatively simple ion to work with both experimentally and theoretically. This

makes Fe ;_" a good initial test-cam for ca_t_ng out quantifiable, broadband line
folio measurements. And astrophysically. Fe " was chosen to provide bcnchma6;

measurements for the HULLAC calculations (! g) which appear largely to remove

the reported ($) discrepancies between ASCM observation._ of the Centaurus

cluster of'galaxies and predictions from plasma emission codes.

For our initial experiments we have measured thc EIE-generated Fe z_' (3[_-

2s,o)l(3p,,_-X_,,D, (3d, lT-_,2)l(Sp,,;-2s,,..), and (4p,:_.,,z-2s,,2)l(Spt.._-X*t,_) line
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ratios (28) Representative Fe _s" spectra are shown in Figs 2 and 3

Measurements have been carried out at electron beam energies of 2.5 and 4.5 keV.
These energies are above the ionization potential for Fe z3`, which ensures that the

measured line ratios are due solely to EUE and are free of any contributions from
dielectronic recombination. At these beam energies, significant amounts of F¢_*'
exist in EBIT. Recombination-cascade contributions due to radiative

recombination of Fe 24"with beam electrons and from charge transfer of Fe u" with

background gas m EBIT were determined to have an insignificant effect on the
measured line intensities. EBIT uses a directed b_.am of electrons which can

produce anisotropically emitted, linear polarized radiation (29) The_ge effects on
the measured line intensities were accounted for using the fomialism of Re£ (30)

combined with distorted wave calculations using the code of Re£ (3 I).
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Fig'arc3, Iron L-shell 4-2 spectrum recorded using a thallium hydrogen phthalate cq,'slai m fi_!
order Thc electron beam cnerg3'_ts 4500 eV

The X-ray detection efficiency for one of the crystal spcctromcters was
established by calibrating the thin foil windows and thallium acid phthalate c,-ystal
used for the present measurements. X-rays were detected in the spectrometer

using a flowing gas proportional counter O:GPC) with an absorbing gas of 90% ,_
and 10% Cl-h (24). X-ray detection efficiencies were calculated from the
measured depth of the FGPC gas volume and using photoabsorption cross sections

which are well known experimentally and theoretically (32) The narrow band
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(3/_.-_r2)/(3pv2--. 2srT) and (3d_2-2t_7)/(3p_-2sja) line ratios were men,red

using the calibrated spectrometer. The broad band (4p3r2.kt2-Z%.7)/(3pl,2-2Sr,_) line
ratio was measured using both spectrometers. The uncalibrated spectrometer was

crom-calibrated with the calibrated spectrometer for detection of the 3p,rz-2s_ line

by ,_multaneously observing this line with both spectrometers. The (4p3,z.,.7-
Zs'tn)/(3ptrz-2sl.,2_) line ratio was measured using the calibrated spectrometer _o
observe the 4ps_-_,_ line and the cross-calibrated spectrometer to observe the
3pt_2sr_ line.

A preliminary data analysis indicates that the measured line ratios and
predictions by HULLAC and by the distorted wave code ot" Ref. (3 !) all agree to
within 20 percent and better. For example, the measured (4ps,xa,2-2s_,2)/(3pj_-2s_,2)

line ratio at 4.5 keV is 0.492:e0.074(io) while the ratio predicted by HULLAC is

0.409 and by the code of Ref (31) is 0.386. The uncertainty quoted here
representx the total experimental uncertainty in the measured line ratio. fhe

accuracies of lhe present line ratio measurements are limited by the resolving
powers of the crystal spectrometers and the resulting uncertainty in determining
the background leve3 in collected spectra. The spectra _own in Figs. 2 and 3 were
collected at a resolving power of 500. Future m_surements will be carried out
using spectrometers with resolving powers in excess of 1000.

CONCLUSIONS

Usin 8 EBIT we have carried out a number of measurements of iron L-shell line
emission designed to address astrophysical issues. Our recently completed line
survey will a_low a more reliable accounting of line blending in aslronomical

sp,-_ctra. More recently, we have demonstrated that broadband, high resolution.
iron L-shell line ratio measurements can be carried out using EBIT. "lhese iron L-
shell line ratio measurements are the beginning of a series of measurements wluch
will benchmark atomic ealeuiafions used in plasma emission codes and also be used

for comparison with X-ray spectral observations of astronomical objecls
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